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THE ANTIPROTON-NUCLELISINTERACTION

W. R. Gibbs*
Los Alamos National Laboratory, Los Alamoa, NM 87545

ABSTRACT

Several facets of antinucleon-nucleus interactions are ex-
plored. The topics treated are: coherent interactions~ production
of unaual states and particles in the nuclear ❑edium, and the
creation of extreme states of matter by antimatter annihilation.
It is found that temperatures of the ❑agnitude necessa~ to achieve
the predicted quark-gluon phase transition are obtained.

THE COHhRENT INTERACTION OF ANTINUCLEONS WITH NUCLEI

In order to relate the ~-nucleon propertie~ to ~-nucleus char-
acteristics we yish to construct a model of N’s interacting with
nuclei from the NN interaction. The ❑ost obvious way to do this is
by u~ing the ❑ultiple scattering formalism developed in recent
years . I summarize -very briefly here the basic formula for the
representation of a p-nucleus potential in terms of two-body data.
To develoF such an expression one ❑ust realize that the projectile-
~ucleon interaction in the nucleus may be very different from that
in free space. It is, in fact, altered in several ways but the
governing notion is that the nucleon in the nucleus is interacting
with other uucleons at the same time as with the projectile. Hence
the spectrum of intermediate states is restricted in several ways.
Cne may separate the Hamiltonian in the Green’s function into a
projectile-nucleon part and a nucleon-nucleus part by using 1) the
Watson-KMT optical model expansion, 2) the assumption that ~h?
projectile-nucleon interaction is of short range compared with the
nucleon-nucleus range and 3) an independent-part~.cleshell model
for the nucleon motion in the-nucleus. This procedure leads to the
following ●xpression for the p-nucleus potential.

The labels A and A’ stand for the quantum numbers of the
single particle nhrlear statetiand A* is aummcd over all of the
intermediate single particle states, A over the occupied states in
the tar8et, Pauli blockin8 is included by replacing the t-matrix

~his paper reporta work done in collaboration with W, B. Kaufmann
(Arizona State University), D. Strottman (Loo Alamoa Na~ional
Laboratory), and the “Paria Potential” 8roup - ●specially B.
Loiaeau. This work wag cupported by the U. S. Department of Ener8y.
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(equivalent to the off-shell amplitude) by the potential if the
index A“ represents one of the filled target states. Thus one
needs a consistent-potential and t-matrix which represent the
interaction in the NN system. The ones used in ye results pre-
sented here are due to the Paris group (C6t& et al. ).

The physical ●ffects reflected in this nuclear potential are:
1) There is a discrete spectrum of energies, due to the finite

Eize of the system. The t-matrix ❑ust be known up to energies
which are approximately twice that of the beam energy, and in
principle, to ●nergies down to -~. In practice the negative
●nergies contribute little to the sum. (We have assumed, however,
that any “bound states” of the two body system that ❑ight exist are
unimportant).

2) The recoil of the nucleon in the nuclear medium is in-
cluded.

3) The finite size of ths ~N system is seen in two ways.
First, the partial waves (higher than,s-wave) give a measure of an
“on-shell” size. The off-shell form factors also give a size of
the system for intermediate scattering of the projectile off-
energy-shell. E~ch of these quantities may be linked to underlying
theories of the pN system.

4) The Pauli blocking of the nucleons requies that the t-
❑atrix be replaced by the potential for the case that the parti-
cular intermediate state in question is not available for the
spectrum of the Green function, Since for the antiproton the
potential is, in gehcral, larger numerically than the c-matrix? a
substantial correction can be expected. Note that, for low energy
and hence low ❑omentum, the states corresponding to values of A“
which describe the target states are import-antand one expects that
the most ~mportant contributions to the p-nucleus potential come
from the p-nucleon ~tential. Fc- higher ●nergies the terms in-.—
volving the t-matrix dominate. How this transition comes about
depends on th~ basic physics input into the calcul~tion, but there
are certain general statements which are useful. With the as-
sumption that the ~ interaction range is small, there is a re-
striction on which p-nucleus partial waves can be blocked. Con-
sidering a given ~ partial wave, A then tke highert p-nucleus wave
to be affected is 2L+A where L is the hi@~st shell filled in the
nucleus. For example,-for very low energy ~’s on 160 we expect
A=O, L=] so that for p-nucleus waves higher than Q = 2 ~c Pauli
blocking ia possible.

To compare with other projectiles we note that for nucleons
the blocking ia still important ●bove 50 HeV ●n~ for pions it is
important up to 150 lleV, In the caae of the p howwer, t+e low
partial waves, which would be the ones ●ffected, are strongly
●bsorbed in any case (the potential is not real ●s in the other two
canes), and the partial waves dominating ~~scattering (the peri-
pheral one-) have no blocking due to the ●ngular ❑omentum re-
strictions mentioned above. For the Pauli ●ffects to be seen in
p-nucleus scattering, very low energies ❑unt be used (- 10 PleVj.
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Having given a brief introduction to some of the basic
physical notions, let us now examine the data and see how they
relate to the physics we want to learn.

There have been a number of measurements of3~-atoms ❑ade by
mean~ of the x-reys emitted in the atomic cascade . In this case
the p is captured into some high orbit and descends by Auger ●mis-
sion and electromagnetic transitions to arrive at orbits relatively
near to the nucleus. Because of the long x-ray lifetime, even a
small rate of amihil~tion on the nucleus causes the nuclear branch
to dominate and the p to be lost, Thus, from experimental limit-
ations, the lowest orbits cannot be reached, Of cnurfiethe ~
lowest orbits, for all but the lightest nuclei, are inside the
nucleus and cannot be characterized as an “atomic” system. In
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fact, shifts and widths obsened tend to be just on the edge of the
blocking boundary. Certaigly we would like to ●xamine these lower
orbits if we could. The p-atom data availabIe to date is not of
very great accuracy and, due to the rather large errors, we can
obtain agreement with th? widths ●asily and the shifts can be
fitted within the uncertainties of the potential model used. Since
there is new data from LEAR now being analysed of very high qual-
ity, we are waiting for these new results before performing a
complete study.

For those states which are so ❑ear to (or ●ven inside) the
nuclear surface that the strong attractive interaction predicted by
the G-parity transform of the ❑ucleon-nucleon potential will come
into play one expects completely different characteristics than for
the atomic states. They should he very deeply bound and very
broad, due to the presence of the annihilation channel. An attempt
to calculate the proper~ies of such states, and their cross sectio~
for population by the p,p reaction was ❑ade by Heidelberg et al.
They found deeply bound states with widths of * 100 HeV. The re-
action calculation that they used was the DWIA, a very dubious
chcice in this case since the state that they are forming, pre-
sumably a state coherent across the nucleus, decays much faster
than the transit time of the ~, They also used plaue waves for the
incoming and outgoing particles, so that even if the above
objection were not true one expects that their results are a few
orders of mngnitude too large.

Nevertheless such states do exist in some sense and in s(rne
approximation. Whether they can be observed or not is an open
question.

Bill Kaufmann and I recently pointed out5 that the states so
rich in physics between these two extremes a-reqlliteacce~sible.
Because of the identity of the ❑ass of the p and ~, the p,p re-
action can proceed with nearly zero momentum transfer near OO.
This will allow the population of atomic states by knocking a
proton out of the nuclear surface. Thus this reaction involves not.—
only the intersection of particle and nuclear physics, but parti-
cle, nuclear and atomic phygics. The final atomic states populated
are those nearest to the nucleus since the overlap with the nuclear
wave function is largest in this case. The widths of these states
are very large on x-ray ~t~ndards, but small on nuclear or particle
standards J*5O KeV), Ons should ●xpect to see these nalrow struc-
tures in p,p reactions in nuclei but a high resolution beam and
spectrometer are required. The most ~romising target we have found
to date is 3iI’.-Our predicted cross sections are shown in Fig, 1,
A super-cooled p beam would be valuable for this work (AE<1O KeV),
The payback in physics is potentially great since one can measure
differential crosB sectiol;s ●s ● function of angle, ao well ●s
widths and shift6 for these levels in the region where the strong
interaction is most important and where the blocking effects are
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●xpected to be the strongest. The present LEAR ❑achine can be used
for the discovery experiment but even more sophisticated ●quipment
is needed for the detailed studies.

Recently data have become avai able on ~-nucleus ●lastic
& on ~+12C at 46.8 HeV andscattering. There are published data
doca and Z“spb at 46.8 andadditional, as yet unpublished data on

179 FleV. In addition, there are slightly poorer ~eso~uti~ data
(the low ●xcited states are not separated) fromKEK and BNL . From
this work, especially thg LEAR data, one is9 able to determine
certain properties of the p-nucleus interaction .

It appears that the very strong real potential obtained from
the G-parity transform of the proton-nucleus potential does not
●xist (at least it is not required). This strong potential is not
expected from what I said earlier since the G-parity argument
applies to the baryon-baryon potential only and, at these energies
we expect the nuclear potential to be built from “t”, not “v”.
This is, in some sense, unfortunate since some interea@ng features
of the orbiting states suggested by Auerbach et al.”- might have
given ~ a handle on the analytic structure of the p-nucleus S-
❑atrix and thus firm intermediate results with which to compare
our theories.

PRODUCTION OF EXOTIC STATES IN THE NUCLEUS

The use of ~ beams to produce exotic mesons in ~p reactions
has been considered for some time. Their use for the production of
these particles in nuclei or the production of exotic nllclear
states is just now being considered and I shall mention only
briefly some of the current topics of interest.

With ~ beams slightly above 3 GeV/c the J/v can be produced
with no recoil of the nucleus. The charmonium state will propagate
through the nucleus and its interaction with nucleons can be infer-
red by observing deviations from the free, but Fermi averaged,
angular distribution.

The possibility of producing baryonium Btates in the nucle~s
Las bee
at Mm?2 ‘eviVed

by the new evidence for their ●xistence just seen
It is too early to design experiments for their scat-

tering from nucleons but the possibilities are cleorly there.

The use of the ~, K- -or p, K-N reaction for produ:ing fitsin
nuclei is currently being considered dnd, if you want cmre detailu,
you may discuss it with Terry Goldman.

EXTREME NUCLEAR CONDITIONS PRODUCED BY
ANTIMATTER-MATTER ANNTHILATION

The idea of depositing large amounts cf ●nergy in a small



Fig. 2. Pion spectra for three ~ momenta.

r

Fig. 3. Pion angular distribution for three ~ ❑omenta.
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volume of the nucleus to produce unusual conditions has been dis-
cussed before, e.g.-ref. 13. Not long ago Dan Strottman calculated
t..le:,~~lt of a p at rest annihilating ou the surface of a

. The conditions achieved were not very extreme, in fact,
but they are extreme enough to be useful for some studies. Inves-
tigations of approximately this type are in progress at LEAR now.

If one increases the ❑omentum of the ~ then the situation
differs considerably from the rest condition.

At rest the ~p system annihilates into approximately 5 pions.
These are, of course, isotropic so, radiating from a point on tbe
surface, most of the pions start out in the wrong direction i.e.
away from the nucleus. As the energy is increased, the number of
pions emitted, in the center-of-mass, increases (slightly), the
energy delivered to them increases and they become fomard peaked
in the laboratory. Figure 2 shows histogram~ of the pion distri-
butions for three different momenta for the p. Figure 3 shows the
variation of the angular distribution for these same three momenta.
At ~ momenta above 6 GeV/c the pion distribution can be considered
as a beam of pions - not a very ❑onoenergetic one however.

For the low (or zero) energy case the fact that the pious must
cross the nuclear surface also presents a problem. The pions with
energies around or below the (3,3) resonanance (a large fraction)
tend to suffer large angle scattering and many simply are reflected
from the surface, thus depositing only a small fraction of their
energy. For ~~s with momenta of the order of 6 GeV/c the mean free
path of the p has increased to the point that the annihilation
occurs within the nuclear material (---7-1 fro].Thus the pions are
created within the nucleus. The large angle scattering of the
pions does little harm since thry remain within the nucleus in any
case.

Realizing that the much greater energy deposition would mean
more ●xtreme conditions achieved in the nucleus we (Dan Strottman
and myse;~) set out to find a numerical quantification of this
stai~ment .

Since the question posed was one of physics, rather than the
prediction of a givec model, and since the hydrodynamic and intra-
nuclear caacade methods are often opposed in the calculations of
heavy ion results, we decided to treat the two models together, He
naturally took the hydrodynamic calculations and 1, the INC.

Tbe basic conversion of ~N to pions was done in the same
fashion in the two calculations. e ●nergy was distributed among
the number of pions [5.05(S/4m2)lH] according to phase space in
the center-of-mass and then the piona were boosted into the
lrnboratoryframe,
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For the hydrodynamic calculations Strottman made a fit to the
distribution of energies from this Honte Carlo calculation and then
deposited the energy by assuming that (after a badronization length
of y fm) half of the pions were absorbed after each mean free path.
The energy thus deposited was propagated according to the same
relativistic hydrodynamic equations u~~ to successfully calculate
the properties of heavy ion collisions . He found that the maximum
nuclear densities achieved were modest and about the same ae for
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annihilation at rest (-1.8 p ). The extra energy deposited all
goes into heating the ❑att~r, rather than into compressional
●nergy.

For the INC calculation I was able to use the direct output of
the Monte Carlo of the amihilation as input to the ❑ain ?fonte
Carlo to follow each pion until it was absorbed or until a certain
amount of time had passe-d. In this model I tried tousetl%best
characteri.st~~ of the p lNCS done before by Clover et al. and
Cahay et al. . I first created a pion-nucleus code ad compared

available from -)$ 1ar8e
the results with t body of relevant pion-nucleus data

to verify that the models used to include
Pauli blocking, true pion absorption, Fermi motion etc., were
correct and to fix the parameters in these ❑odels. In this way it
was insured that pions were being propagated and absorb~d in a
realistic manner.

Densities were calculated in two ways: by counting the number
of nucleons in spatial bins (averaged over a large number of real-
izations of the annihilations) and by using a 4th nearest neighbor
estimator. The two densities so obtained agreed with each other and
gave a maximum density of 1.4-1.6 p. in substantial agreement with
the hydrodynamic calculation.

The nucleon temperature was obtained by binning the nucleon
kinetic energies and using the slope of the observed exponential
distribution. NoLe that these temperatures do not include the
energy de~sity due to the presence of unabsorbed pions.

Figure 4 shows the temperatures obtained under different
conditions with the two different calculations. The temperat~res
reached for the largest energy depositions considered clearly reach
the hoped-for values of -180 HeV. While it is clear that the
calculations don’t exactly agree (why should they?), it is likely
that the truth is to be found somewhere between them and the tem-
perature accordingly.

The first results from LEAR20 (as well as some old experi-
ments) which can be compared with our low energy calculations are
roughly in agreement and would say, if anything, we are too con-
servative in the temperatures achieved in the present calculations.

We note also, as San be seen from the plot, that we have an
extra cushion in that d beams of reasonable intensity can be ob-
tained and that thes-eare even more efficient at depositing energy
in the nucleus than p beams.
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